Introduction
============

Chronic obstructive pulmonary disease (COPD) is defined as a common preventable and treatable disease characterized by persistent airflow limitation that is usually progressive and associated with an enhanced chronic inflammatory response in the airways and the lung to noxious particles or gases, particularly inhaled cigarette smoke. COPD is now recognized as a systemic disease complicated with various comorbidities including lung cancer, atherosclerosis, muscle wasting, osteoporosis, diabetes, and anxiety/depression.[@b1-copd-11-637]--[@b3-copd-11-637] Management of these comorbidities is clinically important as they are associated with hospitalization, mortality, and diminished quality of life in COPD subjects.[@b3-copd-11-637]--[@b5-copd-11-637]

Osteoporosis is among the major systemic comorbidities of COPD. Although the causal relationship and molecular link between COPD and osteoporosis remain to be established, recent epidemiological data clearly indicate that osteoporosis is highly prevalent in COPD patients.[@b6-copd-11-637]--[@b11-copd-11-637] A retrospective chart review on 234 male subjects referred for osteoporosis in a single bone clinic revealed that COPD was the leading cause of secondary osteoporosis at the time of referral.[@b12-copd-11-637] Moreover, osteoporosis-associated fractures may further deteriorate pulmonary function and impair activities of daily life of COPD patients. Thus, the two diseases will form a vicious cycle, causing significant burden on these patients. Osteoporosis in COPD patients is however extremely undertreated.[@b7-copd-11-637],[@b13-copd-11-637]--[@b15-copd-11-637] In this narrative review, we will summarize clinical links and the mutual relationship between COPD and osteoporosis, as well as pathophysiology of osteoporosis in COPD patients, touching on the issue of bone quality and metabolism, and we will finally discuss diagnosis and management of COPD-associated osteoporosis.

Clinical links between COPD and osteoporosis
============================================

Osteoporosis, bone mineral density, and bone quality
----------------------------------------------------

Osteoporosis is defined as a skeletal disorder characterized by compromised bone strength, predisposing a person to an increased risk of fracture. The fracture risk depends on bone strength, which is determined by bone mineral density (BMD) and bone quality.[@b16-copd-11-637] However, due to the absence of clinical tools for precise evaluation of bone quality, a diagnosis of osteoporosis has been reliant on BMD measured by dual-energy X-ray absorptiometry (DXA): osteoporosis is diagnosed when BMD is 2.5 standard deviations or more below the young adult mean (*T*-score is equal to or less than −2.5) according to the World Health Organization criteria.[@b17-copd-11-637] Thus, previous studies reporting prevalence of "osteoporosis" in COPD should be interpreted with caution, as most of them referred to low BMD as osteoporosis, while some reports specifically analyzed fracture prevalence.

It is generally accepted that BMD accounts for approximately 70% of bone strength.[@b16-copd-11-637] By definition, any determinants of bone strength other than BMD are referred to as "bone quality", which contributes to the rest of bone strength. Bone mostly consists of type 1 collagen and hydroxyapatite crystals, and bone quality depends on the material properties of these constituents as well as the three-dimensional microarchitecture of the bone. In some forms of secondary osteoporosis, such as those associated with diabetes and glucocorticoid (GC) excess, fracture risk depends less on BMD and more on bone quality when compared to primary osteoporosis, even though mechanisms of deteriorated bone quality are incompletely understood.[@b18-copd-11-637]--[@b20-copd-11-637] Whether or not COPD-associated fracture risk involves impaired bone quality is not only a matter of great interest but may also be a critical issue influencing therapeutic strategy.

Osteoporotic fractures
----------------------

Primary osteoporosis can occur in both sexes at all ages, but is 3--4 times more common in women than men. Age is one of the strongest risk factors, particularly for vertebral and hip fractures. Morphometric vertebral fractures identified by X-ray exams are the most common form of fracture and can readily occur from early 60s. A prevalence rate of vertebral fracture in women above 50 years of age is as high as 25% or more. Vertebral fractures are often asymptomatic, and only one-third are recognized as clinical fractures with symptoms.[@b21-copd-11-637],[@b22-copd-11-637] Furthermore, as discussed earlier, fractures can occur even with BMD above the threshold of osteoporosis, ie, *T*-score \>−2.5, because of deteriorated bone quality.[@b23-copd-11-637] It is thus important to assess prevalent morphometric fractures by spinal X-rays. The severity of vertebral fractures can be morphologically assessed according to the semiquantitative method of Genant et al.[@b24-copd-11-637] Hip fractures are usually a problem of women in their late 70s and 80s, and have a profound impact on mortality and quality of life. Nonhip, nonvertebral fractures such as wrist fractures can occur throughout all ages, beginning from 50s.[@b16-copd-11-637],[@b21-copd-11-637],[@b25-copd-11-637]

Low BMD in COPD
---------------

In a previous systematic review including a total of 775 COPD patients from 13 studies,[@b26-copd-11-637]--[@b38-copd-11-637] the overall prevalence of osteoporosis defined by low BMD was 35.1% on average, ranging from 8.7% to 69%.[@b6-copd-11-637] The papers reporting the three highest numbers, however, involved either seriously ill patients awaiting lung transplantation (59%[@b27-copd-11-637] and 69%[@b38-copd-11-637]) or patients who were hospitalized due to acute exacerbation (60%[@b35-copd-11-637]), whereas the study that reported the lowest number (8.7%[@b31-copd-11-637]) used calcaneal ultrasonography instead of DXA for BMD evaluation. More recent studies recruiting stable outpatients demonstrated that prevalence of low BMD (*T*-score ≤−2.5) was approximately 22%--42% ([Table 1](#t1-copd-11-637){ref-type="table"}).[@b7-copd-11-637],[@b10-copd-11-637],[@b39-copd-11-637]--[@b43-copd-11-637]

The absolute prevalence is however difficult to interpret without comparison to control subjects. The National Health and Nutrition Examination Survey (NHANES) demonstrated a 16.9% prevalence of osteoporosis in 995 COPD subjects and an 8.9% prevalence in 14,828 non-COPD subjects aged 45 years or older.[@b41-copd-11-637] Thus, COPD significantly increased the risk of osteoporosis (low BMD) 1.9-fold, although COPD subjects were 2.7 years older and included 7.1% more females in this study. Most other cross-sectional studies comparing COPD patients with controls and population-based cohort studies have also estimated the COPD-associated risk of osteoporosis at approximately 1.5--2-fold.[@b26-copd-11-637],[@b30-copd-11-637],[@b44-copd-11-637],[@b45-copd-11-637]

Prevalent vertebral fractures in COPD
-------------------------------------

As summarized in [Table 1](#t1-copd-11-637){ref-type="table"}, prevalence of morphometric vertebral fractures in COPD patients has been reported to be 24%--79%.[@b7-copd-11-637],[@b10-copd-11-637],[@b14-copd-11-637],[@b28-copd-11-637],[@b46-copd-11-637]--[@b50-copd-11-637] Again, the values vary widely depending on the characteristics of study subjects such as age, sex, and COPD severity. Some studies included controls for comparison. One study reported that a significantly greater proportion of COPD patients had at least one severe vertebral fracture, with odds ratio (OR) being 3.75 compared with age-and sex-matched controls.[@b47-copd-11-637] Another study demonstrated that the prevalence of vertebral fractures was 72% higher in 465 COPD subjects than in 462 controls.[@b49-copd-11-637]

Interestingly, in the latter study, COPD patients appeared to have more thoracic fractures than lumbar fractures, although both COPD and control subjects had fractures most frequently in the midthoracic region (Th7--8) and the thoracic--lumbar junction (Th12-L1).[@b49-copd-11-637] Others reported similar results, that 49% of the subjects had at least one thoracic fracture, whereas 16.5% had at least one lumbar fracture.[@b46-copd-11-637] Another study of 255 COPD outpatients reported 139 thoracic and 33 lumbar vertebral fractures.[@b10-copd-11-637] One could only speculate that thoracic vertebrae may preferentially be affected by aberrant physical/mechanical interaction between the lungs and the thoracic cage in the context of thoracic deformities, altered lung compliance, frequent coughing, and respiratory muscle wasting as well as biochemical interaction through putative soluble factors in the local milieu. Predominance of thoracic fractures is still a matter of controversy and requires further investigation.

Clinical fractures in COPD
--------------------------

Clinical fractures are those with pain and other symptoms, usually bringing a patient to clinical attention. In a large observational cohort study called Global Longitudinal Study of Osteoporosis Women (GLOW), 6.2% of 52,960 subjects sustained an incident clinical fracture over 2 years.[@b51-copd-11-637] COPD was among the comorbidities associated with significantly increased fracture incidence (age-adjusted hazard ratio =1.5, 95% confidence interval \[CI\]: 1.3--1.7), but no information about the fracture site was provided.[@b51-copd-11-637] A large case-control study (108,754 cases) using UK general practice research database reported that crude OR (95% CI) for osteoporotic fractures was 1.61 (1.52--1.71) in COPD/asthma patients when compared with controls.[@b52-copd-11-637] The authors also reported significantly increased incidence of hip and clinical vertebral fractures in COPD. A similar report from Denmark with 124,655 cases also demonstrated that any osteoporotic fractures were increased, with crude OR (95% CI) of 1.89 (1.81--1.96).[@b53-copd-11-637]

A more recent cohort study in UK estimated fracture risk in 3,142,673 primary care patients with various comorbidities and reported that adjusted hazard ratio (95% CI) of COPD for hip fracture was 1.23 (1.16--1.31) in women and 1.34 (1.22--1.48) in men.[@b54-copd-11-637] Absolute hip fracture rate in a retroprospective cohort study of 87,360 men aged 50 and older (66.8 on the average) diagnosed with COPD in USA was reported to be 3.99 per 1,000 person-years, which was several times higher than that in the general population.[@b55-copd-11-637] Collectively, COPD does appear to increase the risk of clinical osteoporotic fractures, including hip fracture.

Regan et al[@b56-copd-11-637] investigated the impact of COPD on hip fracture outcomes in a large cohort of men (n=12,646) undergoing hip fracture surgery. Surprisingly, COPD was noted in 47% of the hip fracture cases, and 26% had severe COPD and showed a significantly higher 1-year mortality of 40.2% compared with 31.0% in mild COPD and 28.8% in non-COPD subjects. Thus, although the true incidence of hip fracture in COPD still remains to be determined, the presence of COPD in patients with hip fractures is common and is associated with a poor prognosis.

Pathophysiology of COPD-associated osteoporosis
===============================================

Bone quality in COPD
--------------------

Previous studies investigating both BMD and vertebral fracture prevalence in COPD subjects suggested that BMD was not a good predictor of fracture. In a study by Graat-Verboom et al,[@b10-copd-11-637] 36.5% of the patients had vertebral fractures, while 23.6% showed BMD-defined osteoporosis (*T*≤2.5). A Japanese study of 136 COPD males reported prevalent vertebral fractures in 79.4% and low BMD (*T*≤2.5) only in 38.8% patients.[@b7-copd-11-637] These results support BMD-independent mechanisms in COPD-associated osteoporosis.

Data on bone quality in COPD patients is however limited. Particularly, there have been no reports on material properties of bone in COPD. As for structural properties, bone biopsy is by far the best way to directly assess bone microarchitecture at the tissue level. Histomorphometric analysis of biopsied bone specimens from postmenopausal women with COPD who had not been treated with systemic GCs has been reported.[@b57-copd-11-637] COPD women showed significantly decreased trabecular bone volume and connective density as well as decreased cortical width and increased cortical porosity, compared with age-matched postmortem control samples.[@b57-copd-11-637] Connectivity density was found to be negatively correlated with smoking (pack-years) in this study.[@b57-copd-11-637]

The trabecular bone score (TBS) is a gray-level textural metric that can be extracted from the two-dimensional lumbar spine DXA image and reflects the microarchitecture of trabecular bone.[@b58-copd-11-637] TBS is only partially dependent on BMD, and lower TBS has been shown to be associated with higher fracture risk in a manner independent of BMD. A large retroprospective cohort study in Manitoba investigated clinical factors associated with TBS and demonstrated that the presence of COPD was associated with lower TBS in 29,407 women aged 50 years or more, even after adjustment for age and BMD.[@b59-copd-11-637]

Taken together, these results suggest that structural deterioration affects bone strength in COPD patients ([Table 2](#t2-copd-11-637){ref-type="table"}). However, a pilot study[@b60-copd-11-637] comparing 30 COPD men with 17 controls using high-resolution peripheral quantitative computed tomography (CT), a powerful, noninvasive tool to assess bone microarchitecture,[@b61-copd-11-637] failed to demonstrate significant difference in bone structure as well as stiffness and failure load estimated by microfinite element analysis. Further studies will be necessary to establish clinical significance and contribution of bone quality to COPD-associated osteoporosis.

Bone metabolism in COPD-associated osteoporosis
-----------------------------------------------

Bone is subject to continuous remodeling, and the balance between resorption and formation is critical to the maintenance of bone mass and quality. Biochemical bone turnover markers are useful to noninvasively evaluate bone metabolism.[@b62-copd-11-637] Increase in bone markers, ie, high bone turnover, has been shown to be not only a predictor of future BMD decline but also a BMD-independent risk factor of fracture in primary osteoporosis. There are only a limited number of studies investigating bone turnover in COPD patients.

A study comparing 30 males with stable COPD with 15 age- and sex-matched ex-smoker controls found no significant differences in serum levels of P1NP or βCTX.[@b63-copd-11-637] Negative results may be simply due to the small sample size, but they demonstrated that COPD patients indeed had lower BMD, which showed significant, negative correlation with the two bone markers.

However, a more recent report from China demonstrated that 50 COPD patients exhibited lower bone turnover than 50 controls: serum levels of P1NP, βCTX, and N-Mid osteocalcin were all significantly lower in COPD men than in controls.[@b64-copd-11-637] In COPD women, significant differences were only observed with P1NP, suggesting that the postmenopausal status associated with high bone turnover may have masked the suppressed bone turnover in COPD. In this study, inhaled GC therapy had no significant impacts on the bone marker values.

Consistent with these results, dynamic histomorphometric analysis of biopsied bone specimens from COPD patients revealed a significantly lower trabecular mineral apposition rate compared with controls.[@b57-copd-11-637] It thus seems likely that COPD is associated with diminished function of bone-forming osteoblasts resulting in low bone turnover ([Table 2](#t2-copd-11-637){ref-type="table"}). It should however be noted that there are multiple factors that can either enhance or suppress bone turnover to various degrees in COPD patients, including vitamin D deficiency, sex hormone deficiency, GC use, immobilization, hypoxia, and so forth. Elucidation of COPD-associated changes in bone metabolism requires further large-scale studies.

Risk factors of osteoporosis in COPD
====================================

Mechanisms by which osteoporosis occurs in COPD patients are mostly unknown. Clinical evidence has however indicated that osteoporosis and other systemic comorbidities of COPD are associated with various general and disease-specific risk factors ([Table 3](#t3-copd-11-637){ref-type="table"}).[@b1-copd-11-637],[@b3-copd-11-637],[@b6-copd-11-637],[@b9-copd-11-637],[@b11-copd-11-637] In the following paragraphs, we will briefly discuss general risk factors of osteoporosis present in COPD patients as well as disease-associated factors such as systemic inflammation, pulmonary dysfunction, and inhaled GC use.

General risk factors for osteoporosis in COPD
---------------------------------------------

Older age and smoking are common risk factors for osteoporosis and COPD. Smoking is an established risk factor of osteoporotic fracture, but it has only a modest effect on BMD.[@b65-copd-11-637],[@b66-copd-11-637] Although the extent to which smoking contributes to fracture risk in COPD is unknown, it seems unlikely that systemic comorbidities of COPD (including osteoporosis) can be explained solely by aging and smoking.[@b51-copd-11-637],[@b67-copd-11-637],[@b68-copd-11-637]

Body weight loss is frequently found in COPD, particularly at advanced stages, and is associated with a poor prognosis.[@b69-copd-11-637] In general, body mass index (BMI) is a determinant of BMD and fracture risk, and the BMI-associated fracture risk is mostly dependent on BMD.[@b70-copd-11-637] Consistently, low BMI has also been shown to predict osteoporosis among COPD patients.[@b7-copd-11-637],[@b13-copd-11-637],[@b15-copd-11-637] Cachexia in severe COPD has been attributed to systemic inflammation, with increased levels of cytokines such as TNF-α and increased oxidative stress.[@b71-copd-11-637] While both systemic inflammation and oxidative stress may cause bone metabolic abnormalities directly or indirectly through sarcopenia, how much they explain the correlation between BMD and BMI in COPD patients remains to be determined.

Mechanical loading to bone is critical to the maintenance of bone mass and integrity. Also, reduced physical activity is a known risk factor of osteoporosis in the general population.[@b72-copd-11-637],[@b73-copd-11-637] Physical activity scores have been shown to correlate with BMD in COPD patients.[@b42-copd-11-637],[@b74-copd-11-637] We also found that hip BMD was negatively correlated with COPD assessment test (CAT) scores,[@b7-copd-11-637] which evaluate general health status and performance of COPD patients.[@b75-copd-11-637] Reduced physical activity may also worsen sarcopenia[@b76-copd-11-637],[@b77-copd-11-637] and reduce sunlight exposure, leading to further enhancement of bone loss.

To assess the future fracture probability, a fracture risk assessment tool called FRAX has been developed and utilized worldwide.[@b78-copd-11-637] FRAX calculates a 10-year probability of fracture based on clinical risk factors including age, sex, BMI, or BMD, a prior fragility fracture, parental history of hip fracture, current smoking, and ever use of oral GCs, and others. Of particular importance is the fact that fracture prevalence in COPD far exceeds that predicted by FRAX.[@b10-copd-11-637],[@b50-copd-11-637],[@b51-copd-11-637] Thus, the fracture risk posed by COPD appears to outnumber the sum of those conventional risk factors adopted in FRAX, further suggesting the involvement of unknown BMD-independent mechanisms.

Systemic inflammation as a potential cause of COPD-associated osteoporosis
--------------------------------------------------------------------------

The pathophysiological process of COPD is characterized by infiltration of mucosa, submucosa, and glandular tissue by inflammatory cells, resulting in increased mucous content, epithelial hyperplasia, and airway wall thickening. Chronic inflammation and imbalance between proteases and their inhibitors cause disturbed tissue repair, leading to narrowing, obliteration, and destruction of terminal bronchioles.[@b3-copd-11-637] Upon smoke-induced injury of epithelial cells, early cytokines such as IL-1, IL-8, and TNF-α are released and immune cells including macrophages, neutrophils, and dendritic cells are recruited. In addition to the basic innate immunological processes, full-blown chronic inflammatory responses involve activation of Th1, 2, 17 systems and persistent activation of resident stem cells in the lung. "Spillover" of such local inflammatory process has been hypothesized as the driver of various systemic inflammatory changes and comorbidities, including osteoporosis.[@b3-copd-11-637],[@b79-copd-11-637]--[@b81-copd-11-637] In fact, increased production of various cytokines has been demonstrated, and some of them are considered as therapeutic targets of COPD.[@b81-copd-11-637]--[@b83-copd-11-637] Moreover, systemic inflammation represented by elevated CRP has been linked to osteoporosis in the general population.[@b84-copd-11-637]--[@b86-copd-11-637] Consistent with a role of inflammation in COPD-associated osteoporosis, COPD patients with lower BMD have been shown to exhibit higher levels of CRP and inflammatory cytokines such as TNF-α, IL-1, and IL-6.[@b87-copd-11-637],[@b88-copd-11-637] These three cytokines are well known inducers of osteoclasts both in vitro and in vivo and have long been considered to be involved in the pathogenesis of both primary and secondary osteoporosis, such as that associated with rheumatoid arthritis.[@b89-copd-11-637],[@b90-copd-11-637] Consistently, it has also been reported that COPD subjects with lower BMD showed higher serum levels of RANK ligand and a higher ratio of RANK ligand/osteoprotegerin compared with those with normal BMD.[@b87-copd-11-637] However, the spillover theory is not supported by sufficient evidence: systemic inflammation in COPD subjects is substantially heterogeneous and does not always correlate with comorbidities.[@b80-copd-11-637],[@b91-copd-11-637] And, as discussed earlier, enhanced bone resorption has not been consistently observed, arguing against a predominant role of bone resorptive cytokines in the pathogenesis of COPD-associated osteoporosis. Our preliminary results suggest that systemic inflammation in COPD is associated with impaired bone quality, evidenced by lower TBS (unpublished results by Watanabe et al). Precise roles of systemic inflammation in COPD-associated osteoporosis and its contribution to fracture risk remain to be determined.

Association between pulmonary dysfunction and osteoporosis
----------------------------------------------------------

Both hypercapnia and hypoxia have significant impacts on bone metabolism and may predispose COPD patients to osteoporosis,[@b33-copd-11-637],[@b92-copd-11-637] particularly in patients with untreated and/or severe COPD.

Correlation between osteoporosis and pulmonary function has been relatively extensively studied. Decreased forced expiratory volume in 1 second (FEV~1~) and/or advanced Global Initiative for Chronic Obstructive Lung Disease (GOLD) stages have been demonstrated to be correlated with lower BMD.[@b7-copd-11-637],[@b10-copd-11-637],[@b31-copd-11-637],[@b49-copd-11-637],[@b50-copd-11-637] Correlation between BMD and FEV~1~ has also been demonstrated in the general population in some, but not all, reports.[@b93-copd-11-637]--[@b95-copd-11-637] In COPD patients, the correlation of pulmonary function and/or GOLD stages with BMD seems to be, in part, mediated by BMI, and the correlation of GOLD stages with fracture prevalence was not always apparent.[@b7-copd-11-637],[@b10-copd-11-637],[@b28-copd-11-637] Although the exact reason is unclear, some mechanisms causing BMD-independent fracture risk, ie, bone quality, may be operating in COPD (as discussed earlier). In addition, GOLD stages do not always reflect time-dependent progression of COPD, and a recent study has indicated that low FEV~1~ already present in early adulthood is associated with the future development of COPD and that accelerated decline in FEV~1~ is not an obligate feature of COPD.[@b96-copd-11-637] Thus, it also seems possible that COPD subjects are already susceptible to osteoporotic fractures even at early stages due to either a particular genetic background or lower FEV~1~ itself.

Relationship between pulmonary function and fractures in cross-sectional studies should however be interpreted with caution, because they can mutually affect each other. Vertebral fracture can cause back pain, thoracic deformities, kyphosis, and loss of height, resulting in impaired pulmonary function. A systematic review on the relationship between pulmonary function and vertebral fractures in osteoporosis patients has demonstrated that every single vertebral fracture is associated with a 9% decline in vital capacity.[@b97-copd-11-637],[@b98-copd-11-637] Somerecent studies also confirmed association of severe fractures with decreased vital capacity.[@b7-copd-11-637] Thus, pulmonary dysfunction could be either a result or a cause of osteoporosis, or both. One longitudinal study demonstrated that decline in FEV~1~ was associated with development of osteoporosis during 3 years of follow-up.[@b40-copd-11-637] However, current evidence is insufficient to predict development of osteoporosis from pulmonary dysfunction and vice versa.

Glucocorticoid use as a fracture risk
-------------------------------------

GC excess is a common and established secondary cause of osteoporosis. GC-induced osteoporosis (GIO) develops in a manner dependent on daily doses[@b99-copd-11-637] and occurs even at small doses. GIO is generally characterized by suppressed bone formation,[@b100-copd-11-637] and fracture risk in GIO is partly independent of BMD.[@b20-copd-11-637] Most recent studies of COPD-associated osteoporosis, however, only included a small number of subjects on systemic GCs or demonstrated increased fracture incidence in subjects without systemic GC use.[@b28-copd-11-637],[@b47-copd-11-637],[@b49-copd-11-637] More relevant to the fracture risk in COPD subjects is the use of inhaled GC or corticosteroid (ICS). A recent meta-analysis including 16 randomized controlled trials (RCTs) with 17,513 subjects and seven observational studies with 69,000 subjects indicated that ICS was associated with a modest but significant fracture risk (OR =1.27 in the RCTs and 1.21 in observational studies).[@b101-copd-11-637] The fracture risk appeared dose-dependent. In a study of 251 COPD males, however, ICS was shown to reduce annual BMD loss in bronchitic patients,[@b102-copd-11-637] most likely due to ameliorated inflammation. Therefore, overall effect of ICS seems to depend on the balance between the benefit from its local anti-inflammatory effect and the fracture risk caused by its systemic effect.

Vitamin D insufficiency/deficiency in COPD
------------------------------------------

Vitamin D insufficiency/deficiency is prevalent worldwide across all ages. Vitamin D status is evaluated with serum levels of 25-hydroxyvitamin D (25D), which reflects the whole-body store of vitamin D. According to the Endocrine Society Clinical Practice Guideline,[@b103-copd-11-637] vitamin D deficiency and insufficiency is defined as 25D levels below 20 and 20--30 ng/mL, respectively. Vitamin D insufficiency/deficiency leads to reduced calcium absorption from the intestine, impaired skeletal calcification, and secondary hyperparathyroidism with high bone turnover, thereby causing bone loss and increased fracture risk. It is also associated with muscle weakness and falling, which will increase fracture risk in a BMD-independent manner.[@b103-copd-11-637]--[@b105-copd-11-637]

Vitamin D deficiency has been shown to be highly prevalent in COPD.[@b106-copd-11-637]--[@b109-copd-11-637] Moreover, 25D levels were lower in advanced stages,[@b10-copd-11-637],[@b107-copd-11-637]--[@b109-copd-11-637] suggesting a link between COPD severity and vitamin D deficiency.[@b110-copd-11-637] The exact reason for such a link is unknown, although vitamin D deficiency may be caused by decreased sunlight exposure, poor diet, and smoking [@b111-copd-11-637] in COPD subjects. It has also been postulated that the vitamin D status may affect COPD development and exacerbations.[@b112-copd-11-637] Although interventions with vitamin D supplementation have not been able to provide sufficient evidence for its general efficacy, a subanalysis of subjects with 25D levels below 20 ng/mL demonstrated that vitamin D was indeed beneficial to those with vitamin D deficiency.[@b113-copd-11-637] A role for vitamin D in the long-term prognosis of COPD patients remains to be determined.

A couple of studies have demonstrated that the vitamin D status is indeed correlated with BMD in COPD subjects.[@b106-copd-11-637],[@b107-copd-11-637] One longitudinal study also demonstrated that in 100 stable COPD patients, baseline vitamin D deficiency increased the risk for osteoporosis development by 7.5-fold during a 3-year follow-up period.[@b40-copd-11-637] Emphasis should be put on the fact that the increase in osteoporosis during the follow-up in this study was in most cases due to newly diagnosed vertebral fracture. These results support a role for vitamin D insufficiency/deficiency in COPD-associated osteoporosis, but its contribution to the fracture risk in COPD patients should be more precisely evaluated in a larger prospective study in the future.

Management of COPD-associated osteoporosis
==========================================

First of all, clinicians, particularly pulmonologists, should be aware that COPD-associated osteoporosis is extremely undertreated. Currently, there are no official guidelines for the management of COPD-associated osteoporosis.[@b1-copd-11-637],[@b9-copd-11-637],[@b11-copd-11-637] Recently, a clinical five-step approach for fracture prevention in COPD was proposed based on eight clinical expert opinions in the Netherlands.[@b2-copd-11-637] Although neither formally approved nor validated, such a simple and stepwise approach seems easy to use in the daily practice of pulmonologists. Among these five steps (case finding, risk evaluation, differential diagnosis, therapy, and follow-up), screening procedures including case finding and risk evaluation, and therapeutic strategies appear especially important. In the following paragraphs selected topics concerning these issues will be discussed.

Risk evaluation
---------------

Any symptomatic COPD patient above 50 years of age should be screened for potential indication of pharmacological treatment ([Table 4](#t4-copd-11-637){ref-type="table"}). As an initial step of risk evaluation by routine medical interviews, FRAX can be used for estimation of future fracture probability associated with general risk factors. As discussed earlier, however, FRAX underestimates the COPD-associated fracture risk. Additional risk factors such as severely impaired pulmonary function and reduced physical activity can be considered. A COPD-adapted risk score system combining FRAX and these COPD-specific risk factors has been proposed.[@b2-copd-11-637] This system has adopted some specific risk factors that are not included in FRAX, such as immobility, more than one fall in the last year, and postbronchodilator FEV~1~ less than 50% predicted.[@b2-copd-11-637] Although these risk factors appear important in COPD-associated osteoporosis, whether or not they are truly independent of FRAX is currently unknown.

Prevalent vertebral fractures and systemic GC therapy are a strong indication of medical treatment.[@b2-copd-11-637],[@b9-copd-11-637] Lateral chest X-rays, which are routinely taken for lung evaluation, are useful to identify fractures of thoracic and upper lumbar spines. Lateral lumbar spine X-rays can also be taken as needed. The severity of vertebral fractures can be morphologically assessed according to the semiquantitative method of Genant et al.[@b24-copd-11-637] Chest CT images also provide information about vertebral deformities as well as bone attenuation, which has been shown to correlate with DXA-measured BMD.[@b114-copd-11-637] Height loss is an important piece of information that is associated with vertebral fractures. Height loss of more than 4 cm since the age of 25 has been shown to be associated with a 2.8-fold increase in the prevalence rate of vertebral fracture,[@b115-copd-11-637] and more than 2 cm height loss over 3 years increased new vertebral fracture risk by 13.5-fold in postmenopausal women.[@b116-copd-11-637]

Patients at potential risk should be examined for BMD by DXA. Hip is the standard site of BMD measurement. Although BMD is required for diagnosis of osteoporosis in principle, it should be noted that BMD is dispensable for FRAX.

Treatment
---------

Due to the lack of specific evidence in COPD patients, it is recommended to basically follow general practice guidelines for the treatment of primary osteoporosis ([Table 5](#t5-copd-11-637){ref-type="table"}).[@b117-copd-11-637]--[@b119-copd-11-637] There may, however, be some specific considerations in COPD-associated osteoporosis, as will be discussed further. There is one RCT that specifically investigated drug efficacy in COPD-associated osteoporosis:[@b120-copd-11-637] One hundred forty-five subjects with airway diseases were given either placebo or alendronate, both with calcium supplements of 600 mg/d, for 12 months. A significant effect was observed only in lumbar spine BMD and only with per-protocol analysis, but not with intention-to-treat analysis. So far, this is the only RCT looking at BMD changes after pharmacological interventions, and no fracture prevention studies of COPD subjects have been done.

Lifestyle modifications, including smoking cessation,[@b121-copd-11-637]--[@b123-copd-11-637] healthy diet, and exercise, are beneficial to COPD patients. In particular, physical exercise has been shown to improve general conditions of COPD patients[@b124-copd-11-637],[@b125-copd-11-637] and to significantly increase BMD in postmenopausal women,[@b126-copd-11-637] although specific evidence that exercise improves COPD-associated osteoporosis is lacking.

As for pharmacological interventions, adequate amounts of vitamin D and calcium intake are first recommended with or without treatment with antiosteoporotic drugs. Recommended daily intake is 1,000--1,200 mg for calcium and 800--1,000 units for vitamin D~3~. Although there may be a specific repertoire of approved medications for osteoporosis in each country, first-line treatment for COPD-associated osteoporosis includes bisphosphonates such as alendronate, rise-dronate and zoledronate, denosumab, and teriparatide.[@b117-copd-11-637]--[@b119-copd-11-637] All these drugs have been shown to be effective in the treatment of osteoporosis not only in postmenopausal women but also in men,[@b119-copd-11-637] and even in cases of GIO.

Oral bisphosphonates are the most commonly used drugs with considerable safety. It should however be noted that the common adverse effects of oral bisphosphonates include gastrointestinal problems. It has been demonstrated that gastroesophageal reflux disease is frequently found in COPD patients and is associated with acute exacerbations.[@b127-copd-11-637],[@b128-copd-11-637] In such cases, other bisphosphonates such as zoledronate and ibandronate can be administered intravenously. Alternatively, denosumab or teriparatide can be given subcutaneously.

Teriparatide has little evidence for hip fracture prevention but seems to be more efficacious on vertebral fractures when compared to oral bisphosphonates, particularly in men.[@b129-copd-11-637] Selective estrogen receptor modulators (SERMs) such as raloxifene and bazedoxifene may also be used in postmenopausal women who do not have a high risk of hip fractures, since SERMs have been shown to be effective in the prevention of vertebral fracture but not hip fracture. In some countries, including Japan, where native vitamin D~3~ cannot be prescribed, active vitamin D~3~ drugs including alfacalcidol and calcitriol may be given instead of native vitamin D~3~, although evidence supporting a combination therapy with antiresorptives is limited.[@b130-copd-11-637]

Conclusion
==========

Osteoporosis is very common in patients with COPD. BMD decline and increased fractures, particularly those of vertebrae, may involve partially independent mechanisms, which are only incompletely understood. Fractures have profound impact on the quality of life in COPD patients, but COPD-associated osteoporosis is extremely undertreated. Currently, evidence that osteoporosis treatment improves the prognosis of COPD patients is lacking. Moreover, which drugs are specifically effective in the treatment with COPD-associated osteoporosis are unknown. It seems reasonable, however, to postulate that COPD-associated osteoporosis is, at least in part, amenable to generally accepted treatment modalities. Thus, although we definitely need a specific treatment guideline for COPD-associated osteoporosis, we propose to act immediately to screen every COPD subject for osteoporosis, identify patients at high risk of fracture, and treat them with the standard medications established for primary osteoporosis.
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###### 

Prevalence of osteoporosis defined by BMD and vertebral fracture evaluated by X-ray exams

  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Study                                     N       Sex (M/F)     Age (years)   BMI (kg/cm^2^)   FEV~1~ %pred   Osteopenia by BMD                                        Osteoporosis by BMD                                      Vertebral fracture                                      Details
  ----------------------------------------- ------- ------------- ------------- ---------------- -------------- -------------------------------------------------------- -------------------------------------------------------- ------------------------------------------------------- ----------------------------------------------------------------------------------------------------------------------------------------------
  Graat-Verboom et al[@b6-copd-11-637]      775     67/33         63            24.9             46.7           27%--67%                                                 9%--69%                                                  --                                                      A systematic review of osteoporosis (defined by BMD) in COPD including13 studies[a](#tfn1-copd-11-637){ref-type="table-fn"}

  Watanabe et al[@b7-copd-11-637]           136     136/0         71            21.5             55.8           43% (21/49)[b](#tfn2-copd-11-637){ref-type="table-fn"}   39% (19/49)[b](#tfn2-copd-11-637){ref-type="table-fn"}   79%                                                     Patients in a Japanese general hospital, including 17% patients with past oral and/or intravenous corticosteroid use

  Graat-Verboom et al[@b10-copd-11-637]     255     158/97        68            27.1             64.0           46%                                                      24%                                                      37%                                                     Clinically stable COPD patients including 23 patients with oral corticosteroids\
                                                                                                                                                                                                                                                                                          Osteoporosis defined by BMD and X-ray: 51%

  Ferguson et al[@b39-copd-11-637]          658     382/276       65            26.7             44.0           42%                                                      23%                                                      --                                                      Outpatients of TORCH study whose BMD data were available, including191 patients with a history of oral corticosteroid use

  Graat-Verboom et al[@b40-copd-11-637]     133     80/53         69            26.8             63.4           48%                                                      22%                                                      32%                                                     Clinically stable outpatients, including 16 patients with chronic oral corticosteroids\
                                                                                                                                                                                                                                                                                          Osteoporosis defined by BMD and X-ray: 47%

  Silva et al[@b42-copd-11-637]             95      62/33         67            25.8             41.0           42%                                                      42%                                                      --                                                      Outpatients at a general, tertiary-care, university-affiliated hospital, including34 patients with a history of oral corticosteroid use

  Ogura-Tomomatsu et al[@b50-copd-11-637]   85      78/7          75            --               --             22%                                                      24%                                                      35%                                                     Patients referred to a pulmonary clinic, including nine patients with oral corticosteroid use

  Hattiholi and Gaude[@b43-copd-11-637]     102     64/38         66            --               --             20%                                                      67%                                                      --                                                      Outpatients at a tertiary-care hospital

  Carter et al[@b14-copd-11-637]            350     350/0         68            --               --             --                                                       --                                                       52%                                                     Patients with symptomatic COPD episodes. Another radiologist reported a fracture rate of 5.4%

  Jorgensen et al[@b28-copd-11-637]         62      16/46         63            --               32.6           30%                                                      41%                                                      24% (3/15)[c](#tfn3-copd-11-637){ref-type="table-fn"}   Patients with severe airflow limitation aged between 50 and 70 years, including nine patients with continuous oral glucocorticoids treatment

  McEvoy et al[@b46-copd-11-637]            312     312/0         69            --               52.7           --                                                       --                                                       Thoracic/lumbar: 49%/17%                                Outpatients using inhaled β-agonists or corticosteroids, including 125 patients with systemic corticosteroids

  Papaioannou et al[@b47-copd-11-637]       127     --            72            --               32.5           --                                                       --                                                       27%                                                     Patients admitted to an acute care hospital, including patients with oral(74.7%) or inhaled (86.6%) corticosteroids

  Nuti et al[@b48-copd-11-637]              3,030   1,778/1,262   70            27.0             --             --                                                       --                                                       41%                                                     Clinically stable outpatients. Only chest X-rays were evaluated

  Kjensli et al[@b49-copd-11-637]           465     231/234       63            25.0             45.0           --                                                       --                                                       31%                                                     Admitted COPD patients attending a 4-week rehabilitation program, including 201 patients with a history of oral corticosteroid use

  Katsura and Kida[@b37-copd-11-637]        20      0/20          72            22.0             49.9           --                                                       50%                                                      40%                                                     Postmenopausal COPD patients without a history of chronic systemic corticosteroid use
  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

**Notes:**

The 13 studies analyzed in the systematic review by Graat-Verboom et al[@b6-copd-11-637] have been excluded from the table. (--), not reported in the original paper.

BMD was measured only in 49 subjects.

Fracture was evaluated only in 15 subjects.

**Abbreviations:** N, the number of subjects; M/F, males/females; BMI, body mass index; FEV~1~, forced expiratory volume in 1 second; %pred, percent of the predicted value; BMD, bone mineral density; COPD, chronic obstructive pulmonary disease; TORCH, TOwards a Revolution in COPD Health.

###### 

Bone changes in COPD

  Low BMD
  ------------------------------
  Impaired bone quality
   Decreased TBS
   Increased cortical porosity
  Low bone turnover
   Suppressed bone formation

**Abbreviations:** BMD, bone mineral density; TBS, trabecular bone score.

###### 

Risk factors of osteoporosis in COPD

  General/common
  -------------------------------------
   Older age
   Smoking
   Low BMI
   Reduced physical activity
  Disease-specific
   Systemic inflammation
   Pulmonary dysfunction
   Glucocorticoid use
   Vitamin D insufficiency/deficiency

**Abbreviations:** COPD, chronic obstructive pulmonary disease; BMI, body mass index.

###### 

Evaluation of fracture risk

  Routine medical interview
  ---------------------------------
   Clinical risk factors for FRAX
   Severe pulmonary dysfunction
   Reduced physical activity
   Height loss
  Spine X rays (and/or CT)
   Prevalent vertebral fracture
  DXA
   Hip BMD

**Abbreviations:** FRAX, fracture assessment tools; CT, computed tomography; DXA, dual energy X-ray absorptiometry; BMD, bone mineral density.

###### 

Treatment of osteoporosis in COPD

  Lifestyle modifications
  -----------------------------
   Smoking cessation
   Exercise/physical training
  Pharmacological treatment
   Vitamin D and calcium
   Bisphosphonate
   Denosumab
   Teriparatide
   SERMs

**Abbreviation:** SERMs, selective estrogen receptor modulators.
